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Preface 

The purpose of this study was to Investigate a small 

region in heat transfer. In addition to obtaining the results 

outlined on the following pages, considerable experience 

was gained in the fields of instrumentation, research, and 

technical reporting. However, it should be noted that the 

areas in description of equipment and analysis of preliminary 

studies and calculations are too detailed for the majority 

of readers. These detailed descriptions were included to 

aid anyone in extending this investigation, and only the 

general sections of the above need be read. 

I wish to express my appreciation to the entire Mechanical 

Engineering Department for their assistance and interest in 

this investigation. I wish to express special appreciation 

to Professor Milton E. Franke, thesis advisor; Dr. Andrew J. 

Shine, head of the department; and Mr. William Baker and Mr. 

Frank Jarvls, lab technicans. Special appreciation is 

extended to Captain Richard W. Hilland for his assistance in 

obtaining the interferographs for this study. I also wish 

to express my appreciation to my wife, Carol, for hei? patience, 

encouragement, and help in preparing this manuscript; to ray 

children, who were forced to silence without understanding, 

Robert M, RUBS 
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Abstract 

A number of inveßtigatlons have been conducted with 

horizontal cylinders In free convection to determine the 

effect of vibration on the heat transfer rate. This study 

was a continuation using higher vibration Intensities (product 

of amplitude and frequency).  Also, an attempt was made to 

correlate the changes In the heat transfer rate with that of 

forced convection. 

The Investigation was conducted with three different 

size cylinders vibrated transversly in air. The diameters 

of the cylinders were 3/4, 1/4, and 0.085 inches. The 

investigation was conducted over a frequency range of 0 to 

130 cps, and an amplitude range of 0 to 0.165 Inches. The 

surface temperature of the cylinders was varied over a range 

of 125 to 167 0F. 

Results showed that the effect of vibration on the 

heat transfer rate for a particular cylinder is a function 

only of the vibration intensity, and that the heat transfer 

rate is increased over 300^ at high vibration intensities. 

Also, from an interferometer study, the boundary layer is 

quite complex and goes through several transitions as the 

vibration intensity is increased. The boundary layer does 

appear similar to that of forced convection at vibration 

intensities in excess of 12 inches/second. 

ix 
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I. Introduction 

Purpose of the Investigation 

Because of the presence of vibration in missile and 

space systems, it has become essential to understand and 

predict the influence of vibration on the heat transfer 

rate from various surfaces.  It is important to know where 

the influence of vibration occurs and to what extent it 

occurs. It is also important to understand what mechanisms 

are involved. 

The purpose of this investigation was to study the 

effects of transverse vibrations on the heat transfer rate 

from heated horizontal cylinders in free convection. This 

purpose entails three objectives:  first, to determine the 

behavior of the heat transfer rate as vibration intensity 

is increased for various diameter cylinders and different 

cylinder surface temperatures; second, to observe the boundary 

layer of the above phenomenon by means of a Mach-Zehnder 

interferometer; third, to establish a correlation between 

these results and those of previous investigations. 

Past Studies 

Heat transfer rates for heated stationary cylinders have 

been determined by a number of people, and the results have 

been averaged by McAdams with recommended values. McAdams 

plotted these values for horizontal cylinders in both free 
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and forced convection where the fluid was passed normal to 

the cylinder in forced convection (Ref 1:176 & 259). The 

free convection curve provided a starting point for this 

investigation. The forced convection curve was used to 

compare free convection under the influence of vibration 

with that of forced convection. 

In 1957, Shine conducted an investigation into the 

effects of transverse vibration on the heat transfer rate 

from a heated vertical plate. He concluded that:  (l) the 

vibration intensity (product of amplitude and frequency) 

had little or no effect on the heat transfer rate below 1 

in./sec; (2) no relationship existed between the heat transfer 

coefficient and the position of the heated plate in its cycle; 

(3) the product of vibration intensity was a useful parameter 

in describing the effect of vibration on the heat transfer 

rate; (4) there was no orderly variation in the boundary 

layer thickness as the plate vibrated (Ref 2:56). 

Teleki conducted an investigation of the influence of 

mechanical vibration on the rate of heat transfer from a 

horizontal cylinder. He concluded that:  (l) the heat transfer 

coefficient increased as much as 200% with intense vibration-; 

(2) the increase was a function of only one parameter, namely, 

the prot ct of amplitude and frequency (Ref 3:39). 

In I960, Eisele conducted a study of free convection 

heat transfer from vibrating cylinders. He determined that: 

(l) the increase in the heat transfer coefficient was a functio 

only of the vibration intensity; (2) waviness in the boundary 
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layer occurred only at vibration intensities considerably 

higher than the amplitude-frequency product at which a 

noticeable change in the heat transfer rate was first observed; 

(3) for small tubes and wires vibrating at intensities greater 

than 3.5 in./sec, the boundary layer stretches to enclose 

the vibratory motion (Ref 4:26). 

James, in 1961, investigated vibration intensities up 

to 7 in./sec. James concluded that:  (l) the diameter of the 

cylinder influences the per cent increase in the heat transfer 

rate; (2) the temperature difference also influences the heat 

transfer rate; (3) the effect of temperature difference 

decreased as the vibration intensity increased (Ref 5:17). 

In 1961, an investigation was made by Deaver and associates 

to determine the effect of low frequency oscillations of 

relatively large amplitudes on the heat transfer rate from 

a small horizontal wire to water.  The conclusions were: 

(l) as the Reynolds number of vibration was increased the 

corresponding Nusselt number was independent of the Grashof- 

Prandtl number; (2) three regions existed of free, mixed, and 

forced convection; (3) these regions can be expressed by 

empirical equations; (4) at high vibrations the effect of 

vibration on the heat transfer rate agreed well with that 

of forced convection (Ref 6:4). 

Present Study 

This study was undertaken to extend and correlate the 

preceding investigations. Three different size cylinders 



GA/ME/62-4 

of diameters 3/4, 1/4, and 0.085 inches were heated and 

vibrated transversely in air. The heat transfer coefficients 

were obtained by experimentally measuring the heat loss 

through convection.  These parameters were converted into 

Nusselt numbers and plotted against corresponding Reynolds 

numbers of vibration.  The experimental values obtained along 

with the interferographs were then used to explain and 

predict the influence of vibration on the heat transfer rate. 
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II. Deacrlptlon of Equipment 

The experimental test apparatus consisted of three test 

cylinders, an interferometer, a zirconium light source and a 

spark light source, a camera, a resonant beam assembly, a 

power control panel, and various measuring devices. An over- 

head view of the test area, test cylinder, and various equip- 

ment is shown in Figure 1. 

The Test Cylinders 

Three test cylinders 10 inches long with diameters of 

3/4, 1/4, and 0.085 inches were used. The two larger cylinders 

were made from 24-ST aluminum, and the 0.085 inch cylinder was 

made of stainless steel. 

The 3/4 inch Cylinder. The 3/4 inch test cylinder was 

manufactured to accommodate an electric heater, thermocouples, 

and support rods. The cylinder, shown in Figure 2, had a 

machined and polished surface. A 5/16 inch hole was drilled 

through the entire length to provide space for the electric 

heater. 

The heater consisted of 14 feet of #30 gauge nichrome 

wire wrapped around a 10 inch long ceramic tube. Sauerisen 

cement, with low electrical conductivity, but a high thermal 

conductivity, was used to insulate the heater from the cylinder. 

The nichrome wire was connected to 16 strands of #30 AWG 

copper cable.. The cable was connected to two Powerstats which 

controlled the voltage and current supplied to the heater. 

Two iron-constantan thermocouples were mounted in two 
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OVERHEAD VIEW CP TE3T AREA 

FIGURE 1 

3/4 inch TEST CYLINDER 

FIGURE  2 
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holes drilled radially in the cylinder. The thermocouple 

leads entered the cylinder through holes drilled axially in 

both ends, then passed into the radial holes where the 

junctions were located. The position of these thermocouples 

is shown in Figures 26 and 27. 

Allen screws, as shown in Figures 26 and 27, provided 

a means of changing the position of the cylinder in the test 

area.  This was necessary so that accurate alignment of the 

cylinder with the interferometer could be obtained without 

moving the interferometer. 

During the investigation the Sauerisen cement failed to 

provide a firm attachment between the inner cylinder wall 

and the heater. This failure resulted in rotational and 

longitudinal movement of the heater, thus producing fatigue 

failure of the heater. The movement of the heater element 

was eliminated by placing caps on each end of the cylinder. 

The caps were made from phenolic which reduced the heat 

transfer from the ends of the cylinder. 

Figures 26 and 27 of Appendix C show an assembly drawing 

and parts breakdown drawing of the 3/4 inch test cylinder. 

The 1/4 inch Cylinder. The 1/4 inch test cylinder was 

manufactured to accommodate a single heater wire, external 

thermocouples, and support rods. This cylinder is shown in 

Figure 3 and it had a machined and polished surface. A 1/8 

inch hole was drilled through the length of the cylinder to 

provide space for an insulated heater. 
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The heater consisted of 10 inches of #30 gauge nichrome 

wire which was placed inside a 1/8 inch ceramic tube.  Copper 

lead wires were brought through the phenolic end caps and 

silver soldered to the nichrome wire.  The copper lead wires 

were connected to the Powerstats to provide current and voltage 

to the single wire heater. 

End caps were used to minimize the heat transfer from 

the ends of the cylinder and to provide support for the 

copper lead cables. The two interior support rods were used 

to prevent the thin walled cylinder from rotating and estab- 

lishing separate modes of vibration between the ends of the 

cylinder. 

Iron-constantan thermocouples were positioned as shown 

in Figure 3 to measure the cylinder wall temperature. 

Allen screws provided a means of adjusting the position of 

8 
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the cylinder with respect to the interferometer, no that an 

accurate alignment could be made without moving the inter- 

ferometer. 

Figures 28 and 29 of Appendix C show an assembly drawing 

and parts breakdown drawing of the 1/4 inch test cylinder. 

The 0.085 inch Cylinder. The 0.085 inch cylinder shown 

in Figures 4, 30, and 31 was constructed so that the cylinder 

itself was the heater when current was passed through it. 

The electric lead wires were silver soldered on the ends of 

the stainless steel cylinder. 

Four small stainless steel rods were soldered on the 

cylinder to act as support rods. The two interior rods 

prevented the cylinder from establishing -undesirable modes 

of vibration between the ends of the cylinder. 
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Thermocouples were mounted on the exterior surface by 

soldering the junction points to the surface of the cylinder. 

Allen screws, as shown in Figures 30 and 31 provided a means 

of alignment of the cylinder with the interferometer. 

Power Control Panel 

The power control panel is shown in Figure 5. Two 

Powerstat voltage regulators type-140 were used to control 

the power to the heater of the cylinders.  One Powerstat 

POWER CONTROL PANEL-POTENTIOMETER-CAMERA 

FIGURE 5 

provided a coarse adjustment of the power, while the other 

provided a fine adjustment.  Three type 20-135 cps Westinghouse 

voltmeters and three type 20-135 ops Westinghouse ammeters 

were used to measure the voltage and current in the circuit. 

A voltmeter with a range of 0 to 30 volts and an ammeter range 

of 0 to 1 ampere was used in the 3/4 inch cylinder study. 

10 
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For the 1/4 inch cylinder the voltmeter ran^e was from 0 to 20 

volts and the ammeter rarve from 0 to 2 amperes.  The small 

0.085 inch cylinder reiuired a voltmeter ran^o from 0 to 2 

volts and a ammeter ran.^e from 0 to 5 amperes. 

Temperature Measurement 

A Leeds and Northrup potentiometer was used to measure the 

temperature of the surface of the cylinder.  The instrument 

could read to 0.005 millivolts or approximately 1/3 of a P. 

An ice bath was provided for the thermocouples so that the 

measurement was based on a 32 F reference. 

Vibration Apparatus 

General.  The primary apparatus used in vibrating the 

various cylinders was a vibrator exciter power supply, a 

vibrator motor, and a resonant beam assembly.  These items 

are shown in Figure 6. 

RESONANT BEAM-VIBRATOR N0T0R-TELEMICR03C0PE 

FIGURE 6 

11 
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The natural frequency of the resonant beam was controlled 

by moving two spacers an equal distance between two 1/2 by 4 

inch parallel steel bars, 40 Indies lonp; and spaced four 

inches apart.  The natural frequency of the beam was found 

by changing the frequency on the vibrator e\citor power supply 

until resonance occurred.  The amplitude of vibration was 

controlled by adjusting the power supplied to the vibrator 

excitor. Two vibrator exciters were employed. The second 

exciter was used to extend the range of the vibration intensity, 

Frequency Measurement. The frequency of the vibrator 

excitor power supply was controlled by adjusting a dial on 

the excitor power supply panel. The frequency was checked 

periodically with a strobotac. 

Amplitude Measurement. A Gaertner Scientific Corporation 

Telemicroscope was used to measure the amplitude of vibration. 

The telemicroscope was mounted on a transversing mechanism 

as shown in Figure 6.  The amplitude could be read to within 

a thousandth of an inch. 

Boundary Layer Apparatus 

Mach-Zehnder Interferometer.  The interferometer used in 

this study is depicted schematically in Figure 25 of Appendix 

C, and is shown in Figure 7.  The test section of the inter- 

ferometer was 19 inches long and the optical parts were 6 

inches in diameter.  It was suspended by three coil springs 

from a steel frame which was supported by a hydraulic jack. 

The jack, mounted on three wheels, provided mobility and 
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INTERFEROMETER & LIGHT SOURCES 

FIGURE 7 

height adjustment. The springs allowed leveling of the 

instrument, and also damped out vibrations. The entire optical 

system was incased in plexiglass. 

Li^ht Sources. A zirconium lamp and a spark lamp were 

used as the light sources in the interferometer study, Figure 7. 

The zirconium lamp was used to obtain fine adjustment of the 

interferometer. The spark lamp provided the light to photo- 

graph the instantaneous boundary layer during vibration. 

Camera. A Graflex camera, employing type 44 polariod 

film, was used to record the interferographs. Figure 25 

shows schematically the location of the camera, while Figure 

5 is a photograph of the camera assembly. 

13 
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III. Experimental Procedure 

General Vibratory Procedure 

In all, 54 vibration tests were conducted to determine 

the heat transfer rate from the test cylinders. Each test 

consisted of one to fifteen runs, or data points. One power 

setting was used for each test.  Tests were made at three 

different settings for each cylinder.  The power setting 

that was chosen corresponded to AT increments of 50, 70, and 

90 0P.. These AT values were for the non-vibratory condition 

which was the starting point in each test. As soon as the 

temperature of the surface of the cylinder became constant 

the static data were recorded and the vibratory runs begun. 

The frequency during any one test was held constant. 

Between the different tests the frequency was varied from 

55 cps to 130 cps. Tue frequency which provided the largest 

vibration intensity was found to be 115 cps for the small 

vibration exciter and 84 cps for the larger exciter. The 

frequency as set on the power excitor panel was checked 

periodically with a strobotac and found to agree within 3 cps 

of the strobotac reading. The error between the two was less 

than 4^. 

The amplitude was varied between each run by adjusting 

the power supplied to the resonant beam excitor. The amplitude 

was measured by means of a telemicroscope. A small line on 

the cylinder assembly which reflected light was sighted 

through the telemicroscope. This small line was perpendicular 

14 
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to the direction of motion. When the cylinders were subjected 

to vibration, this line became a bright, distinct band whose 

width equalled the double amplitude of vibration. Four 

readings of the width of the band were recorded and the average 

value used. Small corrections to the double amplitude were 

made to account for the width of the line. The maximum 

deviation from the average was 0.01 inches and resulted in 

an error of less than 8^. 

In order to make an accurate comparison of runs, the total 

power was held constant during any one test. This permitted 

a comparison of runs, regardless of conditions, with minimum 

error. Slight variations in the total power between similiar 

tests were recorded, but these variations were within 4^ of 

each other. The following data were recorded for each run: 

1. Ambient temperature of test environment 

2. Voltage across system 

3. Current in circuit 

4. Temperature of the surface of the cylinder 

5. Frequency of vibration 

6. Double amplitude of vibration 

Specific Vibratory Procedure 

3/4 inch Cylinder. The cylinder surface temperature 

required such long periods to stabilize that difficulty was 

encountered in obtaining data points. This long period of 

stabilization was primarily caused by the large energy 

capacity due to the thickness of the cylinder wall. This 

15 
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prolonged period produced fatigue failure of heaters, thermo- 

couples, and vibration apparatus at high vibration intensities. 

No method was developed to obtain experimental data at 

vibration intensities above 8.5 inches/second.  The surface 

temperature for the thick walled cylinder was constant along 

the cylinder surface.  Thermocouple readings for two positions 

on the cylinder were within 1/3 0F of each other. 

1/4 inch Cylinder. The stabilization time for the l/4 

inch cylinder was less than 7 minutes for any particular 

vibration intensity.  This permitted an investigation within 

the limits of the vibration apparatus. The surface temperature 

of the 1/4 inch cylinder varied up to 3 F over the entire 

length. An average value of four thermocouples, located at 

various positions on the surface, was used as the surface 

temperature. One thermocouple was placed near the outside 

support rod. Another was positioned near an interior support 

rod.  The remaining two thermocouples were located in the 

center between the support rods. 

0.085 inch Cylinder. The stabilization time for the 

0.085 inch cylinder was less than 2 minutes. Therefore, 

experimental data were easy to obtain. The surface temperature 

was found to vary quite significantly over the length of the 

cylinder. This variation occurred both statically and during 

vibration. A typical profile of the temperature is shown in 

Figure 8 for both cases. Nineteen thermocouples were located 

along the surface of the cylinder to determine the temperature 

distribution. During vibration a number of thermocouples 

16 
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TEMPERATURE       DISTRIBUTION 

0.085 IN.    CYLINDER 

I6O1— 
K SUPPORT  RODS 7 

sol 
12 3 4 5 6 7 8 

DISTANCE   FROM   LEFT   END   OF   CYLINDER -   INCHES 

10 

FIGURE   8 
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failed, and the sufficient munber of thermocouples in the 

static profile suggested a similiar profile in the vibratory 

case. The average temperature was determined from the profile 

by computing the area under the curve and dividing this area 

by the length of the cylinder. In four static and vibration 

runs, one particular thermocouple reading was the same as the 

average temperature. This thermocouple was then used as the 

representative average surface temperature for the remaining 

tests. 

Boundary Layer Procedure 

The zirconium lamp was used to provide a constant 

illumination 30 that an infinite fringe adjustment of the 

interferometer could be made.  Once vibration had begun and 

stabilization had been reached, the zirconium lamp was removed 

and a spark lamp, was employed to provide a light that would 

allow a photograph of the instantaneous boundary layer to be 

taken.  In the majority of cases, the infinite fringe was 

lost by the above procedure because of the stabilization time. 

To overcome this problem, the interferographs were taken 

within 20 seconds after vibration had begun. 

The parameters recorded during the boundary layer 

interferograph investigation were: 

1. Voltage across system 

2. Current in circuit 

3. Frequency of vibration 

4. Double amplitude of vibration 

The location of the cylinder during vibration was 

18 
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determined by means of a reference wire, which appears in 

each interferograph. The direction of motion of the cylinder 

in each interferograph was not determined, but from the 

boundary layer the direction could be presumed. 

19 
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IV.  Calculation Procedure 

Previous studies revealed that the use of an inter- 

ferometer to determine the heat transfer rate at hi^h vibration 

intensities was impractical due to the long stabilization 

periods involved and a very complex fringe pattern in the 

boundary layer. Therefore, the heat transfer rate was 

evaluated by determining the heat loss through convection 

from the total power in the circuit.  This heat loss is found 

from the equation: 

= Op - QD - QR - QL - Q. M (1) 

where the above quantities refer to convection, total, 

conduction, radiation, lead wires, and meter heat losses 

respectively. 

The total power, CL,, was determined from the equation: 

QT = El (2) 

The conduction losses through the support rods where 

determined from the equation: 

and 

QD = 0.0334 A0 

QD = 0.0128 AO 

(3) 

(4) 

where equation (3) refers to the l/4 inch diameter cylinder 

and (4) to the 0.085 inch cylinder. Complete development of 

the above equations is contained in Appendix B along with 

Figures 20 and 21 to determine the values of AO. 

20 



a^ammmmamm 

GA/ME/62-4 

The radiation losses were determined from the equation: 

QR = 0.2931^A(TrJ - T^) (5) 

Appendix B contains values of the emissivity and the per- 

centage of power loss from radiation. Figures 22,  23,  and 

24 contain curves to determine the radiation loss directly 

for the three test cylinders. 

The line and meter losses were determined from the 

equation: 

QL or (^ = I2R (6) 

Values of the resistance for each case along with the per- 

centage of the total power are contained in Appendix B under 

the sections titled "Line Losses" and "Meter Losses". 

From Qp the heat transfer rate, defined in non-dimensional 

form, was obtained from the equation: 

Nu^ = hd/kf = 3.412 Qc/iYLkfAT (7) 

or for the three cylinders, each 10 inches in length: 

Ni^ = 1.3 Qc/kfAT (8) 

Where 3.412 and 1.3 are conversion factors. 

The vibration parameter was defined by the Reynolds 

number and the vibration intensity equations: 

Re = vd/S) (9) 

and 

V af (10) 
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where the velocity (v) in equation (9) was replaced by the 

frequency (f) times the total distance traveled (4a) during 

one cycle. The resulting Reynolds number equation becomes: 

Rev = 4afd/l44 ^ (ll) 

where 144 is a conversion factor. 

The Nu. Re , and I^were the parameters used to present 

the influence of vibration on the heat transfer rate. 
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V, Dlscuaslon of Results 

The experimental data for each run and the values of the 

Nusselt and Reynolds number of vibration are tabulated in 

Tables I, II, and III of Appendix E. Figures 9, 10, and 11 

contain graphs of the Nu/Pr  versus Re for each test. A 

sample calculation showing the method of evaluating the Nusselt 

and Reynolds number of vibration is contained in Appendix D. 

Figures 9,  10,  11, and 12 are plotted using a Re which 

is analogous to the vibration intensity. The two terms differ 

only by constant« and the kinematic viscosity which varies 

only slightly over the temperature range of this investigation. 

The vibration intensity would shift the curves of Figures 9> 

10, 11, and 12 to the left by a constant amount, but the slopes 

would remain the same. In the remaining portion of this report 

the vibration intensity is used to explain the influnce of 

vibration on the heat transfer rate. 

Experimental Results 

In the investigation, the cylinders were heated to various 

surface temperatures, and the heat transfer rates for these 

static conditions were obtained. These values of the heat 

transfer rate are compared with McAdamb recommended curve for 

free convection which is shown in Figure 19 of Appendix B. 

In all cases the static values agreed with McAdams within 

+ 10^. 

The graphs, Figures 9, 10, and 11, of Nu/Pr'^ versus Re 

show that the heat transfer rate is increased considerably as 
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the vibration intensity is increased. The graphs show a 

gradual increase in the heat transfer rate after a vibration 

intensity of 1 in./sec. is exceeded. As the vibration 

intensity is increased further the change in the slope of 

the curves becomes relatively constant. Further increase in 

the vibration intensity past the second breaking point 

produces a decrease in the slope of the curves. 

Effect of Diameter on the Heat Transfer Rate. The 

diameter size of the cylinder does produce a difference in 

the heat transfer rate as shown in Figure 9. However, the 

slope of the curves, Figures 10 and 11, is independent of 

the diameter. It appears from the curves that if the vibration 

intensity is increased considerably over the maximum values 

used in this investigation that the heat transfer rate will 

become independent of the diameter. This is based on the 

assumption that the curves will follow that of forced convection, 

Effect of Temperature on the Heat Transfer Rate. The 

increments of temperature difference between the surface of 

the cylinder and the ambient environment produce a difference 

in the heat transfer rate as shown in Figures 9, 10, and 11. 

This difference in the heat transfer rate occurs at the static 

conditions and low vibration intensities. As the vibration 

intensity is increased this difference in the heat transfer 

rate dimishes, and the heat transfer rate becomes independent 

of the temperature difference above vibration intensities of 

7 in./sec. 
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Effect of Vibration Intensity on the Heat Transfer Rate. 

The heat transfer rate was found to increase as much as 320^ 

for the 1/4 inch cylinder and 350^ for the 0.085 inch cylinder 

at vibration intensities in excess of 12 in./sec. These 

percentages were the highest values obtained in this investi- 

gation due to the limitations in vibration intensity. From 

Figures 9,  10, and 11 it appears that at high vibration 

intensities for a particular cylinder, the only parameter 

influencing the heat transfer rate is the vibration intensity. 

The behavior of the heat transfer rate as the vibration 

intensity is increased is shown in Figures 9, 10, and 11. 

There appear to be four regions: first, the region where 

the heat transfer rate is unaffected by the vibration; second, 

a region of transition where the slope of the curves changes 

from a zero value to the maximum value; third, a region where 

the slope of the curves remains relatively constant; and 

fourth, a region where transition occurs again and the slope 

of the curves decreases to a smaller constant value. From 

the graphs it appears that the curves then tend to follow that 

of forced convection. The first transition occurs gradually 

as the vibration intensity is increased, while the second 

transition occurs more abruptly. No analysis was made to 

express the behavior of the heat transfer rate by means of 

empirical equations. 

Boundary Layer Results 

The boundary layer for one particular test is shown in 
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Figures 13, 14, 15, and 16. The sequence of interferographs 

is arranged for increasing vibration intensity. The location 

of the interferograph with respect to Nusselt and Reynolds 

number is shown in Figure 12. The per cent increase in the 

heat transfer rate is shown also in Figures 13, 14, 15, and 16. 

Interferographs 1 and 2 show the unaffected region of 

vibration. The interferographs 3, 4, and 5 depict the first 

transition region.  In 6, 7, 8, 9, 10, and 11 the region 

where the slope of the curve is a maximujn is shown.  Inter- 

ferographs 12, 13, 14, and 15 show the second transition 

region. While the interferograph 16 shows the boundary layer 

at the point where the slope of the curve is reduced to a 

smaller constant value. From the sequence of interferographs 

it is evident that the mechanisms involved are quite complex. 

In the first region the boundary layer is relatively undisturbed 

by the vibration. As the vibration intensity increases the 

boundary layer is distorted and tends to flatten out, and it 

is apparent that free convection no longer exists. Further 

increase in the vibration intensity produces a fanning out of 

boundary layer with considerable turbulence.  In the higher 

regions of vibration intensity the boundary layer becomes 

quite thin as in forced convection. 

Figures 17 and 18 show the boundary layer for the 3/4 

and 0.085 inch cylinder in the lower vibration intensity 

regions. Values of the Nusselt number ratio are also shown. 
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Correlation 

The vibration intensity for a particular cylinder was 

found to be the only parameter affecting the heat transfer 

rate as observed by Shine, Teleki, Eisele, and James. Also, 

the critical vibration intensity, as defined by Shine, 

occurred at an approximate vibration intensity of 1 inch/sec. 

as shown in Figures 10 and 11. 

Figure 9 shows data points obtained by Teleki with a 

7/8 inch diameter cylinder. The general shape of the curve 

and the values of the points agree with the findings in this 

investigation.  The per cent increase in the heat transfer 

rate was found to be higher than Teleki observed; but this is 

attributed to the higher vibration intensities, 15 in./sec. 

compared to 12 in./sec, used in this investigation. 

Agreement with James was obtained with respect to the 

influence of the temperature increment on the heat transfer 

rate. At vibration intensities in excess of 7 in./sec. it 

was found that the temperature increments had little or no 

effect on the heat transfer rate. James also concluded that 

the rate of change in the heat transfer increases as smaller 

diameter cylinders are employed. From Figure 9 it appears 

that the curves will follow that of forced convection.  If 

this is true, then the heat transfer rate will become 

independent of the diameter of the cylinder at high vibration 

intensities. 

The findings of Deaver could not be correlated with this 

investigation. Four regions with complex boundary layers 
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were observed in this investigation, while Deaver observed 

only three regions of free, mixed, and forced convection. 

Applying the empirical equations of Deaver to the 0.085 inch 

diameter cylinder, a smooth transition from free to forced 

convection is obtained as shown in Figure 11. The results of 

this investigation, as shown in Figure 11, undergo a more 

complex transition. 

The attempt to correlate the influence of vibration on 

the heat transfer rate to that of forced convection proved 

unsatisfactory. This is shown in Figures 9,  10, and 11. 

However, it appears that at the high vibration intensities, 

the effect of vibration does correspond to that of forced 

convection, but the extension of the curves could not be 

obtained because of the limitations of the vibration apparatus, 
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VI. ConcluBlons and RecommendatlonB 

The reeulte of this inveßtlgatlon of the effect of 

transverse vibrations on the heat transfer rate from heated 

horizontal cylinders In air lead to the following conclusions: 

1. The diameter of the cylinder' has an appreciable 

effect on the heat transfer rate. 

2. The Increments of temperature difference produce 

no appreciable change In the heat transfer rate at high 

vibration Intensities. 

3. The heat transfer rate for a given test cylinder 

1B affected by only the vibration Intensity. 

4. The Increase In the heat transfer rate exceeds 

300^ at high vibration Intensities. 

5. The behavior of the heat transfer rate as a function 

of the vibration intensity is quite complex and no simple 

analogy to that of forced convection exists for the range 

of this investigation. 

6. The boundary layer changes considerably as the 

vibration intensity is increased, and approaches that observed 

in forced convection. 

In the design of modern equipment it is Important to be 

able to predict the influence of vibration on the heat transfer 

rate. It is recommended that even higher regions of vibration 

intensity be investigated to see if a correlation does exist 

between vibration and forced convection. Also, an environment 
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other than air should be investigated. The disagreement of 

this investigation with that of Deaver's might have resulted 

from the environment or technique used. 

It is recommended that the design of the cylinders be 

similiar to the 1/4 inch diameter cylinder in this investi- 

gation or that used by Teleki (Ref 3:9). Also, at high 

vibration intensities the stabilization time becomes an 

important factor, and thin walled cylinders should be employed 

to minimize the stabilization time. 
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Wire Confl1e^Lration 

Prom previous work in this area it was found that at 

high vibration intensities the heater wires and thermocouple 

wires tend to fail due to fatigue. An investigation was 

conducted to determine the best size wire, type mount, and 

type of support necessary to reduce fatigue failure. Different 

size heater wires, lead cables, and thermocouple wires were 

mounted in various positions on a cylinder. Saurisen cement, 

aluminum paste, and silver solder were used to fix the wires 

to the surface of the cylinder. The cylinder was vibrated 

at intensities in excess of 7 in./sec. for a period of 45 

minutes. 

It was found that the smaller diameter heater and thermo- 

couple wires resisted fatigue failure longer than larger 

diameter wires. Lead cables constructed from 16 to 19 strands 

of #18 to #20 AWG copper wire were found to resist fatigue 

failure longer than larger or smaller cables. 

The Saurisen cement was found to harden into a brittle 

compound and break from the surface. Aluminum paste was found 

to be very satisfactory on the 3/4 and 1/4 inch cylinders. 

It was found that by soldering the thermocouples on the surface 

of the small stainless steel cylinder the failure rate was 

reduced to a negligible quantity. 

Securing all wires and cables to the support rod eliminated 

the oscillation of the entire mass of the wires or cables from 

acting on the Junction points. This is shown in Figures 2, 

3, and 4. 
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Static ComparlBon 

Prior to each run, the static values of the heat transfer 

rate were compared to existing data. The corresponding Nusselt 

number along with the Grashof-Prandlt number was determined for a 

AT increment and compared to the free convection curve recommended 

by McAdams. This comparison is shown in Figure 19. In all 

cases the calculated values agreed closely with McAdams and 

were within the zone of Nusselt's and Rice's experimental 

curves. 

Static values, in some cases, were computed by means 

of the interferometer as done by Eisele (Ref 4). The values 

obtained in this manner were within 10^ of those computed 

by the procedure in this report. 
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Analysis of Calculations 

The heat loss through convection could be determined 

by two methods: first, by subtracting the radiation and the 

conduction losses from the power in the heater element, and 

second, by subtracting the line, meter, radiation, and 

conduction losses from the total power in the circuit. The 

second method was employed because of the difficulty in 

securing the lead wires of the voltmeter to the junction 

points of the heater element in the cylinder under high 

vibration intensities. However, the first method was employed 

statically to the 3/4 and 0.085 inch cylinder to check the 

heat loss by convection without having to account for the 

line and meter losses. The two methods at the static 

condition where within 1%  of each other. 

Conduction Losses 

Conduction losses through the support rods where determined 

for the three cylinders by applying the equation: 

QD = kAcAG/Ay (11) 

The thermal conductivities (k) were determined to be 0.134 

BTU/ hr ft 0P for the two phenolic supports on the 3/4 inch 

cylinder, and 16.7 BTU/hr ft 0P for the stainless steel 

support rods (Ref 7:497). The quantities AQ  and fry where 

determined by placing one thermocouple at the support rod- 

cylinder junction and another approximately 1/4 inch away 

from the cylinder on the support rod. Various temperature 
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differences (AT) between the cylinder surface and the ambient 

environment were set, and the temperature difference (A0) 

recorded. A plot of the findings is shown in Figures 20 and 

21. Knowing the temperature difference (AT), the above charts 

can be entered to find A0. The 0.085 inch cylinder was 

vibrated to determine the effect of vibration on conduction 

through the support rods. A static temperature increment (AT) 

of 70 P was established, and increasing vibration intensities 

were employed. At the various vibration intensity levels the 

temperature increment Ü9 was recorded. The results of this 

study are shown in Figure 21. As the vibration intensity 

increased, the value of AO decreased in the same manner as AT 

decreased. From this it was concluded that the vibration 

effects on conduction through the support rods corresponds 

directly to the difference between the surface temperature and 

ambient temperature. Therefore, in determining the conduction 

loss of a vibrating cylinder only the surface and ambient 

temperatures were required. 

From the above study it was found that the conduction 

loss through the two phenolic support rods on the 3/4 inch 

cylinder was less than 1%  of the total power. Therefore, 

conduction losses were assumed to be negligible for this 

cylinder. Since the thermal conductivity of phenolic is 

relatively small the conduction losses of the two outside 

supports on the 1/4 inch cylinder were also assumed to be 

negligible. The two middle support rods of stainless steel 

were found to cause a conduction loss as high as 18.5% of 
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the total power at elevated surface temperatures. Conduction 

losses were computed for every data point in the investigation 

of the 1/4 inch cylinder. The conduction losses for the 0.085 

inch cylinder were in the vicinity of 10^ of the total power. 

This conduction loss was based on all four support rods. 

The equations for the heat loss through conduction were 

simplified by substituting into equation (ll) the appropriate 

values of the thermal conductivity of the support rods, the 

cross section area of the support rods, and the distance 

between the thermocouples on the support rods. The resulting 

equations are: 

QD = 0.0334Ae (3) 

and 

QD = 0.0128AÖ (4) 

where AO is read directly from the appropriate curves of 

Figures 20 and 21. 

Radiation Losses 

Radiation losses were determined from the equation: 

QR = 0.2931^A(T4 - T^) (5) 

The emissivity of the 3/4 and 1/4 inch cylinders was assumed 

to be 0.061 (Ref 8:151). For the 0.085 inch cylinder, the 

emissivity was assumed to be 0.21 (Ref 7:514). 

Radiation power loss for the three cylinders was determined 

for various cylinder wall and ambient temperatures.  These 

results are shown in Figures 22, 23, and 24. From these curves 
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the radiation loss can be determined directly. 

The maximum power loas due to radiation was found to be 

less than 4}^ of the total power for the 3/4 inch cylinder. 

This loss was less than 2^ for the 1/4 inch cylinder, and 

less than 3$ for the 0.085 inch cylinder. 

Line Losses 

Since the heater wires in the 3/4 and 1/4 inch cylinders 

were internally installed, the voltage was measured through 

the heater element and the lead wires. This involved deter- 

mining the heat loso in the lead wires.  This heat loss was 

determined from the equation: 

QL = I2R (6) 

The 3/4 and 0.085 inch cylinders employed the same type 

lead wires. The resistance of the wires was calculated to be 

0.083 ohms for 13 feet of wire (Ref 9:202). At maximum 

temperature difference the power lost in the lines of the 

3/4 inch cylinder was less than 1%  of the total power. 

Therefore, the line loss in the cylinder was considered 

negligible. Due to the large current required in the 0.085 

inch cylinder, the line loss was as high as 40^ of the total 

power.  This loss was considered at every data point. 

The 1/4 inch cylinder employed a smaller lead wire in 

order to fit inside the ceramic insulator tube. The resistance 

for this cable was determined to be 0.123 ohms for 13 feet of 

wire (Ref 9:202). The maximum power dissipated in this lead 
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cable was found to be less than 4^ of the total power. Line 

losses were also considered for this cylinder. 

The resistance of the wires used above was based on 

standard conditions. Since the operation temperatures in 

this investigation exceeded the standard value for temperature 

by only 100 P, the change in resistance produced only a 2^ 

difference from the value used. 

Meter Losses 

Heat loss in the type meters employed was determined 

from the equation: 

QM = I2R (6) 

The resistance of the meters was measured with a Wheatstone 

Bridge.  The resistance of the meter was 0.094 ohms for the 

3/4 inch cylinder investigation, 0.047 ohms for the 1/4 inch 

cylinder investigation, and 0.02 ohms for the 0.085 inch 

cylinder investigation. 

The heat loss in the meter of the 3/4 inch cylinder was 

found to be less than 1%  of the total power. Meter losses 

were assumed negligible in this case.  The meter loss in the 

1/4 inch cylinder was found to be less than 2%  of the total 

power. The meter loss in the 0.085 inch cylinder was found 

to be as high as 9^ of the total power. 

End Losses 

The end losses were considered to be negligible in this 

investigation for all cylinders. This assumption was based 
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on the comparison of the lateral surface area to the end 

surface area.  In all cases the effective end area was found 

to be leas than 5^ of the lateral surface area. Also, the 

two large cylinders employed end caps of low thermal conductivity, 
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APPENDIX C 

Mechanical Drawings of Cylinder 

Assemblies and Dimensions 
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APPENDIX D 

Sample Calculation 
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Sample Calculation 

The following calculation la based on run #16 of the 

1/4 inch cylinder investigation. The recorded values were: 

Tw = 133.7 
0P 

T = 89 0P a 

E = 4.35 :olts 

I = 1.17 amps 

H = 0.2066 inches 

f = 85 cps 

From this data the effect of vibration on the heat transfer 

rate was computed from the equations: 

QT = El = (4.35)(1.17) = 5.08 watts 

QL = I2R = (1.17)2(0.123) = 0.17 watts 

QM = I2R = (1.17)2(0.047) = 0.06 watts 

QR = 0.2931ö-<5A(Tr^ - T^) = 0.05 watts 

where the value for Qp was read from Figure 24 of Appendix B 

for a T of 133.7 0F and T of 89 0F. w a 

QD = 0.0334AO - 0.0334(13.7) = 0.46 watts 

where ^0 was read from Figure 21 of Appendix B for a ^ T of 

44.7 0F. 

QG = QT - QL - QM - QR - QD = 4.34 watts 

Nu = 1.3 Qc/kf AT = 1.3(4.34)/(0.01595)(44.7) = 7.91 

where 1.3 is the conversion factor with the dimensions of 

BTU/watt hr ft. The value of kf was determined from tables 
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of Eckert and Drake (Ref 7:504). 

Nu/Pr"3 = {7.91)/(0.704)•3 = 8.80 

where the Pr was determined from tables of Eckert and Drake 

(Ref 7:504). 

Rev = 4afd/l44^f = (0.413) (85) (0.25)/l44(18l.85)l0'
5 

= 322 

where 4a is the total distance traveled during one cycle and 

p 
is equivalent to 2H. The 144 is the conversion factor of in. 

to ft. The value of v- was determined from tables of Eckert 

and Drake (Ref 7:504). 
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APPENDIX E 

Experimental Data 
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Vita 

Lieutenant Robert M. Russ was born  

 He attended  

  In 1956, he graduated from the Georgia 

Institute of Technology with a degree in Aeronautical 

Engineering. After working briefly for the Boeing Airplane 

Company in Wichita, Kansas, he was called to active duty in 

March of 1957.  Upon completion of a maintenance officer 

course at Chanute AFB he was assigned to duty with the 

Strategic Air Command at Biggs AFB, Texas.  Subsequently, 

he entered resident training for Astronautical Engineering 

(Graduate) at Wright-Patterson Air Force Base, Ohio. 

Permanent address:   

 

This Thesis was typed by the author. 
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